Periodic surface structures were fabricated by irradiating lithium niobate (LN) crystals with femtosecond laser pulses at sample temperatures ranging from 28°C to 800°C. Carrier density and conductivity of the samples were increased via heating LN, which inhibited coulomb explosion to obtain a uniform periodic surface structure. The periodic surface structures cover an area of 8 mm × 8 mm and have an average spacing of 174 5 nm. Meanwhile, the absorption of the processed sample is about 70% in the spectral range of 400-1000 nm, which is one order of magnitude higher than that of pure LN. Fabrication of periodic surface structures on heating LN with femtosecond laser pulses provides a possibility to generate nanogratings or nanostructures on wide-bandgap transparent crystals.
INTRODUCTION
A femtosecond (fs) laser with peak power in the range of gigawatts has been proven to be an efficient tool for precise machining of a wide range of materials, including metals [1] , semiconductors [2] , polymers [3] , and dielectrics (for example, fused silica [4] , lithium niobate (LN) [5] ). When interacting with a substrate material, the ultrashort pulses (∼10 −15 s) cause minimal thermal diffusion and, therefore, produce more precisely machined features with minimal heat-affected zones [6] . Nonlinear absorption of ultrashort pulse laser energy enables precise manufacturing of hard and brittle materials, such as silica glass [7] or LN crystals [8] , which is a challenging task for conventional mechanical manufacturing methods. LN is a multifunctional optoelectronic material with excellent optical and electrical properties, such as the electro-optic effect, acousto-optic effect, pyroelectric effect, piezoelectric effect, photorefractive effect, and nonlinear effect [9] [10] [11] [12] . Most devices used in photonic integrated circuits (PICs) [13] can be prepared with an LN crystal, such as an optical waveguide, optical switch, electro-optical modulator, and pyroelectric sensor [14, 15] . Achieving a consistent periodic surface microstructure on LN is an important manufacturing step. However, there are still some problems when using a fs laser to prepare micro/ nanostructures on the LN crystal's surface. Because of the coulomb explosion, only craters with some stripes at their edge or bottom and groove structures [16, 17] on the LN crystal's surface can be obtained, which causes an unstable state of the material surface. These problems will lead that periodic micro/ nanostructure on wide-bandgap transparent crystals to not be processed, which influences the process of micro/nano photonic devices, including communication and detecting, as well as biomedical microfluid applications.
In this paper, we report on the application of a heater to control the temperature of LN crystals, which is designed to inhibit the coulomb explosion to obtain a uniform fs laserinduced periodic surface structure (LIPSS). At the same time, we also studied the effect of laser fluence on the sample morphology. The absorption of a processed sample is one order higher than that of pure LN over the wavelength range 400-1000 nm. This approach is beneficial for fabrication of micro/nanostructures on wide-bandgap crystals, which can be used for fabricating nanogratings with antireflection coatings and miniaturized pyroelectric detectors with nanostructures of PICs.
EXPERIMENTAL SECTION
The samples were Z -cut LN crystal wafers with an area of 10 mm × 10 mm and a thickness of 500 μm, and the surfaces were optically polished. Each wafer was cleaned with acetone and rinsed in ethanol. The sample was mounted on a three-axis translation stage controlled by a computer in a vacuum chamber, and the laser-matter interaction zone can be observed from different orthogonal directions. The crystal optic axis was aligned parallel to the incident beam and perpendicular to the polarization direction of laser. A heating device was installed in the vacuum chamber to control the temperature of the sample. The sample was processed by a fs laser with a scan speed of 2 mm/s in 500 Torr (1 Torr 133:322 Pa) N 2 . The experimental configuration is shown in Fig. 1 . The laser system, consisting of a Ti:sapphire oscillator and a chirpedpulse-regenerative amplifier, produces a 1 kHz train of 120 fs, 1 mJ pulses at 800 nm. An optical shutter in the incident beam path was used to control the pulse numbers. The laser pulses were focused by a lens with a focal length of 50 cm, incident normal to the sample. The spatial profile of the laser pulse was nearly Gaussian with a laser spot radius of 87 μm on the sample surface. A half-wave plate (HWP) and a Glan-Taylor polarizer (GTP) were used to continuously vary the incident energy. The polarization of the laser pulse was controlled by the GTP. Each spot on the sample surface was exposed to 80 laser pulses. After irradiation, the sample was analyzed with a scanning electron microscope (SEM) and a U-4100 spectrophotometer.
RESULTS AND DISSCUSION
To evaluate how the elevated sample temperature affects the formation of LIPSS on LN, the experiments were conducted with laser fluence of 7.0 kJ∕m 2 and a temperature ranging from 28 to 800°C in steps of 100°C using a carborundum heating plate and two calibrated thermocouples. The morphologies of the samples induced by fs laser under various temperatures are exhibited in Fig. 2 . In Fig. 2(a) , the crater and groove structures on LN were induced by a fs laser when the temperature of LN was set at 28°C. Researchers believed that such structures were fabricated due to coulomb explosion when a fs laser interacted with dielectrics [18] [19] [20] [21] . During the laser irradiating samples, most incident laser energy is absorbed by the electron in its absorption depth. Meanwhile, electrons will escape from the LN surface to form holes (positive charge carriers). This process can be continuously carried out, and the number of holes increased rapidly. The positive charges of the surface are redistributed due to the internal charges' variety of the crystal, and they made the coulomb repulsive force stronger between the internal positive charges, which lead to the coulomb explosion [22, 23] . The coulomb explosion causes an unstable state of material surface, so the periodic surface structure cannot be fabricated on LN.
As shown in Fig. 2 , the surface structures on LN gradually became more uniform when the temperature increased from 28°C to 800°C. As we know, the main mechanism of electron excitation in LN is through indirect band gap transition [24] . In this process, the optical absorption property of LN highly depends on the number of acoustic phonons, which is a function of temperature [25] . At elevated temperatures, there are more acoustic phonons, so the electrons have a higher probability to simultaneously absorb acoustic phonons and photons to create the indirect transition. Therefore, a large number of electrons will be photo-excited from the valence band into the conduction band, so more holes would be filled with the electrons from the conduction band. In addition, it has been extensively studied that the conductivity of LN crystals increases with the raising temperature [26, 27] . Those will lead to a redistribution of charges in the crystal to form a new equilibrium state; hence, the coulomb repulsion force will be reduced, and the coulomb explosion will be inhibited [28] . At the same time, LIPSS results from the competition between periodic surface structuring originating from the interference of incident light with surface plasmon polaritons (SPPs) and surface smoothing associated with surface melting and softening [29] . Researchers believed that the stimulation of periodic surface structuring by SPPs is, hence, crucial for the evolvement of fs-LIPSS [30] [31] [32] [33] [34] , while surface melting produces smoothing and, hence, plays a counteracting role in preventing fs-LIPSS formation.
In addition, Fig. 2 shows that the integrated periodic surface structures on LN cannot be formed below 300°C, and the direction of formed ripples is parallel to the laser polarization direction. However, when the temperature is raised to 300°C, the periodic surface structures change into comparatively uniform ripples, and their direction is perpendicular to the laser polarization direction. We propose that the reason for the changes of periodic surface structures and direction is that the optical absorption of LN at 800 nm of wavelength has a precipitous increase around 300°C when temperature increases [35] .
The optical properties of LN were influenced by LIPSS. A U-4100 spectrophotometer was used to measure the absorption spectra of LNs processed by a fs laser under different temperatures. As shown in Fig. 3 , the processed LNs display strong absorption from visible to near-IR range. The absorption spectra depend on the surface structures under different temperature conditions. The absorption of pure LN is approximately 5% in the spectral range of 400-1000 nm due to the defect absorption, while Fig. 3(a) indicates that the absorption of LN with fs-LIPSS is up to 70%, which is one order of magnitude higher than that of pure LN. As seen from Figs. 3(a) and 3(b) , the absorption of processed LN at sample temperature from 28°C to 800°C has been significantly increased.
As seen from Fig. 2 , the surface structures on LN become more uniform when the temperature increased from 28°C to 500°C. The light-trapping effect of the samples will be better, which will directly lead to the absorption increasing. Therefore, the absorption of samples will increase with the improvement of surface structure. When the temperature was raised to 500°C, the surface structure of LN was damaged due to the micro-explosion during fs laser processing. So, there is a significant decrease trend in absorption when the temperature exceeds 500°C.
During the processing procedure by the fs laser, the pulse fluence can affect the surface morphology as well as LN temperature. Therefore, experiments of machining LN were conducted under different laser fluences when the sample temperatures were raised up to near the suitable temperature (500°C). Figure 4 shows SEM images of LN irradiated by a fs laser with fluence of 5.0, 6.0, 7.0, and 8.0 kJ∕m 2 , respectively. The sample shown in Fig. 4(a) was fabricated under 5.0 kJ∕m 2 (slightly higher than the ablation threshold), which only had some shallow and discontinuous surface structures with small roughness. The fluence irradiating samples shown in Fig. 4(b) were somewhat lower than the suitable fluence, and the treated area appears in the discontinuous and uniform surface structure. The sample of Fig. 4(c) was fabricated under 7.0 kJ∕m 2 of suitable fluence, and the ablated area was covered with continuous uniform LIPSS. The period Λ of LIPSS was approximately 174 5 nm, and its orientations were perpendicular to the laser polarization. However, when the fluence was far higher than the suitable fluence, the coulomb explosion of material occurred, the ablated surface became a bumpy surface, and the roughness is large in the micron scale [see the area of Fig. 4(d) ]. These results implied that laser fluence played a key role for the morphology and quality of the formed LIPPS when the sample temperature was in an appropriate range. 
CONCLUSION
In conclusion, our results demonstrate that periodic structures can be fabricated on an LN surface by fs laser irradiation under proper sample temperatures and appropriate laser fluence. The carrier density and conductivity of the samples are increased via heating the samples, which inhibits coulomb explosion and thus leads to a uniform fs-LIPSS. The formed periodic surface structures on LN give rise to enhanced absorption efficiency from the visible to near-IR range. The processed LN, which is covered with large area periodic surface structures, has broad potential applications in new miniaturized photoelectric devices and nanograting for antireflection coating. This technique is considerably valuable for manufacturing structures on wide-bandgap transparent crystals with a fs laser. For example, it can inhibit the rough boundary, burr, and chipping in hole drilling, waveguide machining, and crystal cutting, which are induced by the coulomb explosion. 
